The formation of atmospheric-pressure plasmas with liquid electrodes holds great importance for a number of emerging technologies and applications, yet fundamental questions remain about the nature of the interactions at the plasma/liquid interface. In particular, when the liquid serves as the anode, the plasma supplies gas-phase electrons to the liquid surface, and how these electrons interact with the liquid has not been fully explained. In this work, we present experimental evidence that in the case of water, plasma electrons are involved in electrolytic reactions leading to the conversion of protons (H + ) to hydrogen gas. Reactions associated with water electrolysis are indirectly characterized by pH measurements that show qualitatively and quantitatively that the liquid at the plasma interface increases in basicity, consistent with the reduction of protons by plasma electrons. Mass spectrometry measurements confirm the evolution of hydrogen gas, directly providing evidence of water electrolysis. This work highlights the critical role that plasma electrons can play in plasma/liquid interactions with broad implications for any plasma system involving an aqueous electrode, including emerging applications in plasma medicine and plasma-liquid materials synthesis.
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As highlighted recently in The 2012 Plasma Roadmap [1] , the nature of interactions between plasmas and liquids is a critical area of plasma science, both at the fundamental level [2] , where much remains unknown about what occurs at the plasma/liquid interface, and technologically [3] , where significant opportunities exist in medicine [4] , environmental science [5] , materials synthesis [6] [7] [8] [9] [10] and analytical chemistry [11, 12] to capitalize on plasma/liquid interactions. Although the formation of plasmas at the surface or in the bulk of liquids has been documented in the literature 3 Authors to whom any correspondence should be addressed. dating back to the late 19th century [13, 14] , recent advances in the operation of non-equilibrium, atmospheric-pressure plasmas (i.e. cold plasmas) [15, 16] have greatly facilitated experiments with liquids and led to growing interest in this scientific area. It is generally accepted that plasmas are a source of energetically excited species, including electrons, ions and radicals, as well as photons and hot gases, that can react at the surface or near the surface of wet electrodes. For example, there have been numerous studies of reactive oxygen species (ROS) created in plasmas operated in air and their impact on cells and other biological materials [17, 18] . Lesser known is the effect of plasma electrons on solutions. Plasma electrons could be involved in several types of solution-phase reactions: (1) the passage of charge across the boundary of the plasma and solution should lead to electrolytic reactions [19] , analogous to conventional electrochemistry with solid metal electrodes; in the case of electrons flowing into the solution, cathodic (i.e. reduction) reactions should occur, (2) electrons may become solvated and initiate complex reactions at the surface or in the bulk of the solution [20] and (3) electrons could cause direct dissociation of molecules (e.g. water) via electronimpact dissociation. Unfortunately, previous studies have not clearly identified these various reaction pathways. A majority of experiments have operated the discharge as the anode, and in this configuration, energetic gas ions, rather than electrons, are directed into the liquid, resulting in very different chemical phenomena [21] . In other experiments, the electrodes are submerged inside water; in this case, water vapour is present in the plasma itself and the reactions are dominated by gas-phase processes such as electron-impact dissociation [22] .
To study the role of plasma electrons on solution-phase reactions, we have recently developed an electrochemical system with an atmospheric-pressure microplasma as the cathode. The microplasma is formed at the surface of an aqueous solution in a flow of argon (Ar), ensuring stable, continuous operation. Electrons from the plasma are accelerated to the solution surface to initiate charge transfer reactions at the plasma/liquid interface. In our earlier work, we applied this methodology to studies of a model electrochemical reaction, the reduction of ferricyanide [Fe(CN) 3− 6 ] to ferrocyanide [Fe(CN) 4− 6 ] [23] . While this provided evidence for the first time of electron transfer reactions at the plasma/liquid interface, the overall current efficiency was less than 10%, suggesting that electrons transferred from the discharge to the liquid were also involved in other charge transfer reactions. In general, aqueous electrochemical systems can be characterized by water electrolysis at sufficiently high potentials, i.e. electrolytic reactions at the cathode and anode that result in the decomposition of water to hydrogen and oxygen gas. The electrolysis of water under acidic conditions occurs through two primary reactions, reduction at the cathode,
and oxidation at the anode,
In this work, we show that plasmas can indeed electrolyze water via the above reactions. The reactions are monitored and quantitatively related to the charge transferred by changes in the pH of the solution, which is measured in a split cell setup containing a glass frit that slows the diffusion of ions and effectively separates the cathodic and anodic reactions. Spatiotemporal changes in pH are also visually observed by incorporating a pH sensitive dye into our experiments. Hydrogen (H 2 ) gas evolution is confirmed by mass spectrometric characterization of the gaseous by-products of the electrochemical reactions. These findings should have broad implications on plasmas operated with aqueous electrodes since pH changes and the generation of H 2 (and O 2 ) could have important consequences for various chemical or medical applications. Two different sealed glass cell configurations (Adams and Chittenden Scientific Glass), schematically illustrated in figures 1(a) and (b), were used to form plasmas with aqueous solutions. One was a simple glass vessel, denoted as a single cell, with a common bath for the cathodic and anodic reactions ( figure 1(a) ). The second was a split glass vessel, denoted as a split cell, with a glass frit that separated the baths for the cathodic and anodic reactions ( figure 1(b) ). While both configurations resulted in water electrolysis, the latter was required to quantitatively measure the local pH change since there is no overall (global) change in the pH for water electrolysis. In both cases, a direct-current (dc), atmosphericpressure microplasma jet, sustained in a flow of Ar gas, was formed on the surface of the solution and operated as the cathode ( figure 1(c) ). A platinum (Pt) foil (1.25 cm 2 , ESPI, Inc.) submerged in solution served as the anode. Details of the microplasma setup have been reported elsewhere [23] . Briefly, the microplasma was generated with a stainless-steel capillary tube (I.D. = 180 µm, Restek, Inc.), sharpened at the tip to localize the electric field and aid discharge breakdown. The tube was positioned approximately 1 mm from the surface of the liquid and pressurized with Ar gas at a constant flow rate of 25 sccm by a digital mass flow controller. The gas flow resulted in a small deformation of the liquid surface ( figure 1(d) ). A discharge was ignited by applying a high negative potential (∼2 kV) with respect to the Pt foil, and operated at a constant discharge current between 1 and 3 mA (±0.01 mA) by varying the potential drop across a ballast resistor (see figures 1(a) and (b)).
To study water electrolysis, the microplasma was formed with acidic solutions which had the necessary conductivity to allow current flow. Solutions were made with deionized (DI) or tap water and 1.0mM hydrochlodric acid (HCl). In the case of the split cell setup, 1.0M KCl was added to this solution in order to maintain conductivity as the H + was reduced. Water electrolysis was characterized by three independent approaches: (1) the pH in the cathode bath of the split cell setup was measured by a digital meter (Fisher Scientific, Inc., Accumet XL60) after running the cell at a constant discharge current for a fixed time; (2) a pH sensitive dye containing bromothymol blue and phenol red and valid over the pH range 1.0-11.0 (Hydrion One Drop Indicator 1-11) and a camera (Canon EOS Rebel T3i) were used in conjunction to visually observe the spatiotemporal changes in pH during cell operation and (3) the generation of H 2 gas was confirmed by capturing the gas product and injecting into an isotope ratio mass spectrometer (Thermo Scientific DELTA V Advantage).
pH measurements were made in the cathode bath of a split cell after operating a microplasma cathode for a fixed time at constant discharge current. various times and discharge currents to obtain a statistically relevant set of data and analyse the kinetics of the hydrogen evolution reaction (see the online supplementary data (stacks.iop.org/JPhysD/45/442001/mmedia)). Figure 2 shows the average [H + ] obtained as a function of time for discharge currents of 2.0 and 4.0 mA. The error bars represent the standard error associated with the experimental results. We find that [H + ] decreases with time at a relatively constant rate for times less than 15 min, and the rate at which [H + ] decreases increases with discharge current. The results appear to be largely consistent with a constant flux of electrons that depends on discharge current reaching the solution surface and reducing H + . At a given discharge current, the flux of electrons is constant over time and the H + in solution is reduced at a constant rate. As the current is increased, the flux of electrons increases and the rate of reduction increases.
We compared these results with what would be expected assuming water electrolysis and Faraday's law based on the discharge current. As shown in figure 2 , the measured change in the H + concentration is in good agreement with Faraday's law at lower discharge current and short run times, but less than the corresponding predicted value at higher discharge current and longer run times. These discrepancies could be explained by diffusion and/or electromigration of H + between the cell compartments which would lead to a smaller than expected net change in the pH (i.e. [H + ]). (We note that the oxidation reaction at the anode (equation (2)) yields H + ions that could diffuse into the cathode and lower the pH) To verify these hypotheses, two simple tests were carried out: (1) we setup a concentration gradient between the two compartments and monitored the diffusion of ions across the glass frit and (2) we operated the electrochemical cell with a Pt foil cathode under the same conditions as the microplasma cathode (see the online supplementary data). The tests showed that diffusion of ions is not significant, but the measured H + concentration is lower than that predicted by Faraday's law even for a Pt foil cathode, suggesting that electromigration of ions is influencing the results.
An alternative approach to evaluating the pH changes induced by a microplasma formed with an aqueous electrode is to use a pH sensitive dye. This also enables the pH changes to be spatiotemporally observed as the microplasma is operated. Figure 3 shows a photograph of a single cell containing a pH sensitive dye in tap water and sufficient HCl to buffer it to a neutral pH (pH ∼ 7). When the microplasma is formed on the surface, the dye immediately becomes green directly beneath the microplasma as a result of an increase in the pH of the solution near the plasma/liquid interface. We note that over a short time (seconds), this green colour change extends all the way to the bottom of the cell. This may be due to advection of the reduced liquid, driven by the gas flow from the microplasma that causes a deformation of the liquid surface (as previously noted in figure 1(c) ), or solvated electrons that induce reduction beneath the liquid surface. We attempted to visualize the flow patterns induced by the gas flow alone (no plasma) but this was inconclusive and requires further study. At the Pt foil anode, the dye turns orange when the microplasma is formed, reflecting a decrease in the pH of the solution as a result of oxidation (equation (2)). Both the basic and acidic regions disperse in the solution by electromigration in the electric field created between the virtual cathode at the plasma/liquid interface and the Pt anode. These transport effects are more clearly observed in real time; a video of the experiment is included in the online supplementary data (stacks.iop.org/JPhysD/45/442001/mmedia). In addition to the colour changes, bubble formation is readily observed at the Pt anode. This is most probably O 2 evolution resulting from the oxidation of water (equation (2)).
To confirm that hydrogen was evolved as a result of the hydrogen evolution reaction, we carried out mass spectrometry. Glass or stainless-steel flasks were coupled to the outlet port of the cell (see figure 1(a) ) to collect the gas effluent, which presumably consisted of Ar from the microplasma and the generated H 2 and O 2 gas. The captured gas was then injected into the mass spectrometer which was tuned to detect H 2 and its isotopes. Figure 4 shows mass chromatograms for the H 2 signal obtained from various gas samples that were collected; the time corresponds to how long it took for the sample to reach the detector after injection (t = 0 s). A clear signal at approximately 250 s could be detected that confirmed the presence of H 2 gas in the injected samples. A control sample was collected with the microplasma off to ensure that this signal was real; sample (i) shows a clean baseline with no peak at 250 s. In comparison, a H 2 signal was detected for all the gas samples (ii)-(v) collected with the microplasma running and the intensity of the signal increased with collection time, indicating the continuous generation of H 2 gas which is in agreement with pH measurements. Although we cannot rule out other mechanisms for H 2 generation such as, for example, dissociation of water vapour that is present in the discharge and subsequent formation of H 2 by radical recombination in the gas or liquid phase, since pH measurements suggest that H 2 production is largely Faradaic, we suggest that the mechanism for H 2 formation is water electrolysis.
While these results are obtained for a specific experimental setup, we believe the findings have broad implications on any plasma system involving an aqueous electrode. The electrolysis of water helps explain the current inefficiencies found for previous electrochemical experiments with plasma electrodes [23] . In addition, our findings show that H 2 and O 2 are present even when the plasma is formed in inert gas, and could lead to the production of radicals such as ROS by their dissociation in the plasma [10] . However, questions remain as to the nature of the reactions at the plasma/liquid interface. Here, we have suggested that plasma electrons react directly with H + to reduce the H + to H 2 gas. Future studies will need to confirm this reaction and determine how the energy of the plasma electrons and their distribution influence the reaction. In contrast to traditional electrochemistry where the energy barrier of the anode and cathode control the reaction, the electrons in a plasma are essentially free and it is unclear how this changes the reaction path. Additionally, the spatial distribution of the reactions in solution is not clear. While reactions are likely occurring at or near the surface of the liquid, it is also possible that some electrons become solvated and reactions occur substantially below the surface. Finally, while this work has demonstrated that the electron/liquid interaction is an essential fundamental phenomenon, the implications of this on applications where water is present, including biological applications, still needs to be determined.
